The ATLAS and CMS collaborations recently presented evidence of a resonance decaying to pairs of photons around 750 GeV. In addition, the BaBar, Belle, and LHCb collaborations have evidence of lepton non-universality in the semileptonic decays of B mesons. In this work, we make a first step towards a unified explanation of these anomalies. Specifically, we extend the Standard Model by including vector leptoquarks and a scalar singlet that couples linearly to pairs of the leptoquarks. We find there is parameter space that gives the correct cross section for a putative 750 GeV resonance decaying to photons that is consistent with unitarity, measurements of the properties of the 125 GeV Higgs boson, and direct searches for resonances in other channels. In addition, we also show that constraints can be derived on any Beyond the Standard Model explanation of the 750 GeV resonance where the only new particles are scalars, which are strong enough to rule out certain types of models entirely.
Introduction
The ATLAS and CMS collaborations recently presented evidence using data taken at √ s = 13 TeV of a resonance, denoted X, decaying to a pair of photons [1, 2] . ATLAS reported a local (global) significance of 3.6 σ ÷ 3.9 σ (2.0 σ ÷ 2.3 σ) for a mass m X ≈ 750 GeV. The range of significance depends on the assumptions made about the width of the resonance, with 3.6 σ corresponding to the narrow width approximation, and 3.9 σ when the width is taken to be about 6% of the mass of the resonance. ATLAS recorded 8±4 events above the expected background in the 750 GeV bin with 3.2 fb −1 of data. This translates to a cross section times branching ratio for the resonance of approximately σ(pp → X) Br(X → γγ) ≈ 1 ÷ 4 fb. Meanwhile, CMS reported a local (global) significance of 2.6 σ (1.2 σ) for m X ≈ 760 GeV, consistent with ATLAS' findings. CMS assumed a narrow width for the resonance. While anomalies with local significances of 2 σ ÷ 3 σ are known to come and go, 1 the fact that both CMS and ATLAS see an excess around the same mass has already led to considerable theoretical attention [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69] . See [70, 71] for some studies of the prospect of resonances in the diphoton channel using Run-1 LHC data.
To make things even more exciting, for the past couple of years there have been several anomalies in the semileptonic decays of B mesons. In particular, the BaBar, Belle, and LHCb collaborations have seen evidence for a deviation from τ / universality (where = e, µ) in the semileptonic, charged current decays
Combining the three experiments' measurements, R τ / D = 1.37 ± 0.17, R τ / D * = 1.28 ± 0.08, leads to a departure from the Standard Model (SM) prediction at the 3.9 σ level [72, 73, 74] . In addition, LHCb
Email address: christopher.murphy@sns.it (Christopher W. Murphy,) 1 For example, a preliminary CMS analysis of 7 & 8 TeV data that searched for a resonance decaying to a pair of photons showed a 2.93 σ excess around mγγ ≈ 136.5 GeV [3] . However, this excess disappeared in the final version of the analysis [4] . has 2.6 σ evidence of a departure from µ/e universality in the neutral current b → s decay,
Br(B → Ke + e − ) = 0.745
which is predicted to be very close to one in the SM [75] . These anomalies have also attracted significant theoretical attention, see e.g. [76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92] . The primary model building challenge associated with the 750 GeV resonance is to explain why the decay of X to a pair of photons, which is a loop level process for the Higgs boson of the SM, was the first channel in which evidence of a resonance showed up. In particular, the cross section times branching ratio for pp → X → γγ is O(10 4 ) times larger than that of a 750 GeV Higgs boson in the SM [93] . Since X is neutral, it must couple to pairs of charged particles in order to decay to a pair of photons. Furthermore, the most straightforward to produce a neutral scalar at a hadron collider is through gluon fusion, which will occur if the scalar is coupled to pairs of colored particles . Many of the proposed explanations for the B decay anomalies involve leptoquarks, which are charged and colored bosons. The preferred mass of the leptoquarks is O(1 TeV) with couplings of O(1) to quarks and leptons, see e.g. [85, 86, 92] .
With this background, it would seem that an electroweak (EW) scalar singlet coupled linearly to a pair of leptoquarks should be a good candidate to explain the 750 GeV resonance, while simultaneously explaining the B decay anomalies. Several authors have explored the non-minimal scenario where there are scalar leptoquarks, and additional particles in the loops, such as vector-like fermions [56, 68, 69] . Refs. [56, 68] also noted the potential for their models to explain the B decay anomalies. 2 In contrast with those works, we study a model involving a scalar singlet and vector leptoquarks.
The rest of the paper is organized as follows. We argue in Sec. 2 that a Beyond the Standard Model (BSM) theory where the only new particles are scalars, and whose interactions arise purely from dimension-4 operators, cannot be an explanation of the resonance X. We also show that similar logic can be used to constrain, but not in general completely rule out both extended scalar sectors with interactions arising from both dimension-3 and dimension-4 operators, and theories with new spin-1 particles. In Sec. 3, we study a model involving a scalar singlet and vector leptoquarks. Since there are already multiple works which show the viability of vector leptoquarks as explanations of R τ / D ( * ) and R µ/e K , we simply assume the leptoquarks are viable with M V ∼ 1 TeV, and focus solely on explaining the diphoton excess and the constraints directly associated with it. In this initial work, we ignore the novel loop level contributions in this model to X → ff coming from a loop containing two leptoquarks and one fermion. We find there is parameter space that gives the correct cross section for a putative 750 GeV resonance decaying to photons that is consistent with unitarity, measurements of the properties of the 125 GeV Higgs boson, and direct searches for resonances in other channels.
Theoretical Constraints on Explanations of the 750 GeV Resonance
Ref. [8] found that the two-Higgs doublet model (2HDM) was not a viable explanation of the 750 GeV resonance. We find that the doublet-septet model of Ref. [97] cannot explain the excess. A priori, the doublet-septet model was an attractive candidate as it does not contribute to the ρ parameter at tree level [98, 99] , and has six charged scalars with Q = −1, 1, 2, 3, 4, 5 to increase the diphoton rate. Since this failure seems to be a generic feature of models where the only BSM particles are scalars whose interactions arise purely from dimension-4 operators, it is worthwhile to have a more model-independent understanding of why this class of theories does not work. We give such an argument in what follows. Similar logic can be applied to the case where there are interactions mediated by both dimension-3 and dimension-4 operators, as well as to the case where there are spin-1 particles. We show that while models are constrained, there is in general parameter space that allows for an explanation of the diphoton excess.
First, consider the scenario where all of the BSM particles are scalars, and all of the interactions in the scalar potential are due to dimension-4 operators. In this case, all of the neutral, CP -even scalars (and crucially in some theories, some of the charged scalars) are Higgs boson-like in the sense that they all have a cubic interaction involving one Higgs boson and a pair of EW vector bosons. The couplings of Higgs bosons to fermions and vector bosons are related to each other by sum rules [71, 100, 101, 102] . The sum rules arise by requiring the scattering of longitudinally polarized vector bosons to be unitary (at tree level) to arbitrarily high energies. The mixing angles that enter into the sum rules for Higgs bosons also appear in every cubic scalar coupling that arises purely from fields related to electroweak (EW) symmetry breaking. The 2HDM is known to have this property. Refs. [103, 104] showed that the cubic coupling of h to the charged Higgs boson in the 2HDM approach a finite, non-zero value in the alignment limit, which is the direction measurements from the LHC are pushing the parameter space of the 2HDM. We have verified that the cubic coupling of the charged Higgs boson to the would-be X in the 2HDM (the heavier, CP -even Higgs boson) approaches zero. Furthermore, the couplings of the 125 GeV Higgs boson to fermions and vector bosons are Standard Model-like (SM-like) to a good extent [105, 106, 107, 108, 109] . Thus, any couplings related to those of the 125 GeV Higgs, h, must correspondingly be small, including the aforementioned cubic scalar couplings. Now consider the case where all the BSM particles are still scalars, but the scalar potential has both dimension-3 and dimension-4 operators. A simple way to generate a dimension-3 operator is to include a scalar singlet in the theory. There are theories without scalar singlets that have dimension-3 operators in their potential as well, such as the Georgi-Machacek model [110, 111] . Cubic scalar interactions can evade the argument of the previous paragraph as they do not necessarily involve the mixing angles associated with EW symmetry breaking (e.g. β in the 2HDM). Another advantage of dimension-3 operators, being relevant operators, is that they do not run to Landau poles. Indeed for the fairly large values of couplings needed in theories where dimension-4 operators are responsible for the diphoton excess, the quartic couplings run to Landau poles, sometimes at unacceptably low scales [13, 59, 61, 62] . In models where dimension-3 operators are primarily responsible for the diphoton excess, the coefficents of the dimension-4 operators can simply be taken to be small enough such that the Landau pole scale is well above the other scales of interest in the problem.
There are two challenges in the case of dimension-3 operators. First, there is still a relation in these theories between the couplings h and X to pairs of SM particles. Both the relevant mixing angle(s) between h and X (e.g. α in the 2HDM) and the magnitude of the cubic coupling must be small enough such that the predictions for the signal strengths of the 125 GeV Higgs boson are consistent with experiment.
The second consideration is that the magnitude of the cubic coupling must be below the maximum value that is theoretically allowed by perturbative unitarity [100, 101, 112, 113] . The perturbative unitarity bounds are most restrictive for scalars in the diphoton loop, as the scalar-loop form factor is the smallest of the three (scalar, fermion, vector), A 0 ∼ 1/3 versus A 1/2 ∼ 4/3 and A 1 ∼ 7 [114, 115] . These form factors are discussed further in Sec. 3. Interactions of the form Xφ
3 A generic scattering amplitude of this type can be written as,
where λ is a linear combination of quartic couplings, m is a linear combination of cubic couplings, and we have assumed that the mixing between X and h is small enough to neglect the contribution of h. |m| v ≈ 246 GeV is needed to get the correct cross section to explain the diphoton excess, so m should be mostly composed of couplings that arise from dimension-3 operators, otherwise the 2HDM would be viable. The strongest unitarity bounds on λ and m come from the = 0 partial wave amplitude for the scattering amplitude, Eq. (3), evaluated at large s and the threshold for on-shell φ Q+ scattering respectively,
with M Q being the mass of φ Q+ . The constraint |a 0 | < 1 (|Re(a 0 )| < 1/2) at large s leads to the bound |λ| < 16π (8π). Plugging in the positive upper limit on λ leads to the minimal, but model-independent bounds, |m| < 6.2 ÷ 7.3 TeV (4.4 ÷ 5.1 TeV) for M Q = 400 ÷ 1400 GeV, again using the constraint |a 0 | < 1 (|Re(a 0 )| < 1/2). Table 1 : SM charge assignment for the various types of vector leptoquarks, V µ , and the SM currents of fermions they couple to. Adapted from Ref. [85] .
We now apply these bounds to some of the models that have recently been considered in the literature. However, due to large amount of literature on this subject, it is likely that we are not considering every relevant model. Ref. [54] considers the singlet extension of the Manohar-Wise model [116] . Its benchmark point with m Si = 1 TeV is in trouble with unitarity as m = k 2 f = 6.36 TeV. This is ruled out by |Re(a 0 )| < 1/2, but allowed by |a 0 | < 1. On the other hand, its benchmark point with m Si = 600 GeV is consistent with this unitarity analysis. Ref. [63] also looked at extended scalar sectors. They showed that with enough charged scalars the correct production rate for X can be obtained. However, they do not indicate if this can be done without spoiling the agreement between theory and experiment for the coupling of the 125 GeV Higgs boson to photons. Ref. [67] does a parameter scan to find viable parameter space in the Georgi-Machacek model. In this case, the parameter of interest is m = g HH 0
v, |α| ≈ 0. The unitarity bound roughly leads to |M 2 | < 1.9 (1.3) TeV for m H5 = 400 ÷ 600 GeV using |a 0 | < 1 (|Re(a 0 )| < 1/2). M 2 is scanned over the range 1 ÷ 10 4 GeV in Ref. [67] . Finally, consider the case where the scalar resonance, X, couples linearly to pairs of charged and/or colored, spin-1 particles. At high-energies, when these vector particles are longitudinally polarized, | µ | ∼ √ s/M V , the amplitude for elastic vector-vector scattering mediated by the exchange of X grows with energy. At sufficiently high energies, unitarity will break down unless there is a cancellation amongst the various parameters that enter into the scattering amplitude, which we will assume does not happen. For a cubic coupling 2κM 2 V /v, the amplitude schematically has the form,
plus terms with less powers of energy in the numerator. Provided there is no cancellation among parameters, the theory break down around energies √ s ∼ 4 √ πv/|κ|.
Model of a Scalar Singlet and Vector Leptoquarks
Consider supplementing the SM with a scalar singlet, φ, and a vector leptoquark, V µ . All of the SM charge assignments for the various vector leptoquark bosons, and the current(s) of SM fermions that they couple to, are given in Tab. 1. The interactions of interest are,
where H is the Higgs doublet (H T = (0, (v+h 2 )/ √ 2) in unitary gauge), M V is the mass of the leptoquark, and κ, and g are free parameters. We chose the parameterization of Eq. (6) and R µ/e K , see for example Refs. [85, 86, 92] , we simply assume the leptoquarks are viable with M V ∼ 1 TeV, and focus solely on explaining the diphoton excess and the constraints directly associated with it.
The scalar singlet mixes with the neutral, CP -even component of the Higgs doublet,
This mixing leads to a universal form for the decay rates of X into SM particles that couple of X at tree level,
where Γ(X → Y ) SM is the branching ratio for a SM Higgs boson with M X = 750 GeV, V V = W + W − , ZZ, and f = t, b, τ . The mixing in Eq. (7) cannot be too large, as it is constrained by measurements of h [108, 109] . Requiring all of the universal-type signal strengths for h to be within 15% of their SM values yields the bound α < 0.4. We neglect the possibility of the tree level decay X → hh, as the parameter that controls the rate of this decay can be made sufficiently small without affecting the interesting features of the model. The decay rates of X into SM particles that do not directly couple to X are more complicated,
There is a similar formula for X → Zγ as well. The formulas for h → {gg, γγ, Zγ, ZZ, W W } have a similar structure to Eqs. (9) except the angular dependences of the SM and leptoquark contributions are cos α and −κ sin α + g cos α respectively. In addition, M h enters the form factors instead of M X . From this, we see that measurements of the Higgs' couplings constrain both α and g to be small. This illustrated explicitly in Figure 1 below. In addition, small g is favored by constraints from running the quartic couplings of the theory.
In this initial work, we ignore the novel loop level contributions in this model to X → ff coming from a loop containing two leptoquarks and one fermion, e.g. X → bb receives a contribution at the oneloop level from a loop consisting of two leptoquarks and a tau. The form factors entering the one-loop amplitudes are [114, 115] ,
A 0 is listed even though it does not appear in Eq. (9) to help facilitate the discussion of Sec. 2. The function f (τ ) is,
The cross section times branching ratio for pp → X → γγ is,
, where ggF and V BF are the gluon and vector boson fusion production processes respectively, and Y = tt, bb, ττ , W + W − , ZZ, gg, γγ, Zγ. All SM Higgs boson cross sections and branching ratios are taken from [93] . In this initial work, we neglect the possibility of producing the resonance through photon fusion. Including photon fusion would decrease the value of κ needed to explain the excess, allowing more parameter space to satisfy the bounds from unitarity. Of the five types of vector leptoquarks in Tab. 1, these cases lead to the largest and smallest diphoton rate for a given value of κ respectively. The orange and blue parameter space is ruled out by requiring the Higgs couplings to photons and gluons to be within 10% of their SM values respectively. Fig. 2 shows cross section times branching ratio for pp → X → Y in fb for two leptoquarks models with M V = 1000 GeV. The blue, orange, green, red, and purple curves correspond to Y = γγ, gg, tt, W + W − , and ZZ respectively. The shaded region corresponds to a cross section with the correct order of magnitude to explain the diphoton excess. For the model with quantum numbers (3, 1) −2/3 , α > 0.012 is ruled out by searches for resonances in the W + W − and ZZ channels [117, 118, 119, 120] . We find that these are the two most constraining direct searches for this model, rather than heavy quarks, taus, dijets, or Zγ. See e.g. [10, 13] for more discussion of these bounds.
Figs. 1 and 2 demonstrate that there is parameter space that gives the correct cross section for a putative 750 GeV resonance decaying to photons that is consistent with unitarity, measurements of the properties of the 125 GeV Higgs boson, and direct searches for resonances in other channels. 
